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We report on the microwave analysis of the interplay between magnetism and superconductivity
in single crystals of EuFe2(As1−xPx)2, accomplished by means of a coplanar waveguide resonator
technique. The bulk complex magnetic susceptibility χm extracted through a cavity perturbation
approach is demonstrated to be highly sensitive to the magnetic structure and dynamics, revealing
two distinct magnetic transitions below the superconducting critical temperature. By a comparison
with magnetic force microscopy maps, we ascribe the χ′′m peak observed at about 17 K to the
transition from the ferromagnetic domain Meissner phase to the domain vortex-antivortex state,
with the subsequent evolution of the domain structure at lower temperatures. The second χ′′m peak
observed at 11 K reflects a specific high-frequency feature, connected to vortex/antivortex dynamics
and eventual spin reorientation transition of the Eu2+ canted ferromagnetic subsystem. The two
peaks merge and vanish upon application of an in-plane magnetic field, which is compatible with
the presence of a quantum critical point below 1 T.
INTRODUCTION
The interplay between superconductivity and mag-
netism is currently one of the most relevant and intrigu-
ing topics in condensed matter physics. The interplay is
twofold: it is well known that magnetism competes with
superconductivity, but in several systems it could be in-
volved in the mechanism of superconductivity itself, as in
the case of cuprates, strongly correlated heavy fermions,
and iron-based superconductors. In particular, it has
been shown that magnetic moments in the FeAs layers
of iron-based pnictides have a tendency to order antifer-
romagnetically and it has been theorized that AFM spin
fluctuations can induce the s± pairing, at the origin of
superconductivity in these compounds [1]. This picture,
although not completely accepted, has been suggested
for several compounds of the so-called 122 family, i.e.
BaFe2As2 with various substitutions, isovalent or induc-
ing electron or hole doping [2–4]. Within this framework,
systems also containing magnetic rare earth elements are
of interest, since at low temperatures they develop addi-
tional magnetic order of local moments. EuFe2As2-based
systems are particularly interesting due to the proximity
of superconducting and ferromagnetic transition temper-
atures, where the latter is connected to the Eu2+ local
magnetic moments. In some compounds of this family,
the superconducting critical temperature is even higher
than that of the magnetic ordering [5, 6].
In the EuFe2As2 parent compound, besides Fe mo-
ments aligned along the a direction and ordered anti-
ferromagnetically in both a and c directions, the Eu2+
moments are aligned along the a direction and ordered
antiferromagnetically along the c direction [7]. Super-
conductivity can be induced in this system by chemical
pressure through the isovalent substitution of P in the
site of As [8]. In the EuFe2(As1−xPx)2 compound, it
was found that with increasing P substitution, the mag-
netic moments of the Eu2+ ions cant out of the ab−plane,
yielding a net ferromagnetic component along the c direc-
tion. Moreover, a possible interplay between Eu and Fe
magnetic sublattices should be considered, since the spin
reorientation of Fe below the AFM ordering temperature
of Eu was recently found in Eu0.5Ca0.5Fe2As2 [9].
A rich phenomenology of magnetic phases is observed
in these systems, where superconductivity coexists with
canted ferromagnetism, although a general consensus
about their phase diagram has not been established yet.
Zapf et al. [5] observed in EuFe2(As1−xPx)2 two distinct
magnetic transitions below the superconducting transi-
tion temperature Tsc, and concluded that magnetic or-
dering at a higher temperature is associated with the pre-
dominant antiferromagnetic interlayer coupling, whereas
the transition at lower temperature is identified as the
changeover to a spin glass state, where the moments be-
tween the layers are decoupled. Recently, a transition to
a nanometer-scale striped domain structure upon cooling
below Tsc has been reported [10, 11]. At yet lower tem-
perature and without any externally applied magnetic
field, the system spontaneously undergoes a phase transi-
2tion into a domain vortex-antivortex state characterized
by domains with peculiar patterns. A theory of such
transitions was elaborated by Devizorova et al. [12], who
calculated the temperature evolution of the magnetic tex-
ture, also accounting for the hysteretic behavior revealed
by the experiment when varying temperature.
In this work, we report on the microwave response of
EuFe2(As1−xPx)2 single crystals and compare it with the
local magnetic response as revealed in Magnetic Force
Microscopy (MFM) maps. Since time-resolved magneto-
optical measurements in the same system revealed a slow
relaxation time for Eu2+ spin, with τ−1 ≈ 10 GHz [13],
a probe operating in this frequency range seems to be
particularly sensitive to spin dynamics, suitable to de-
tect changes in the magnetic structure of the material.
Moreover, with respect to dc and low-frequency responses
already reported, it enables the exploration of different
dynamical regimes. In particular, we used a coplanar
waveguide resonator (CPWR) technique, useful to detect
the complex magnetic susceptibility and the penetration
depth of small and thin crystals [14–17]. We clearly ob-
served, below the superconducting transition, the onset
of magnetic ordering followed, at lower temperatures, by
two distinct transitions, detected as two clear peaks in
the microwave signal. A comparison with MFM maps
allowed us to speculate about the origin of these rf fea-
tures. We associate one of them to the transition from
the ferromagnetic domain Meissner phase to the domain
vortex-antivortex state. The second one, since there is no
direct correspondence with quasi-static MFM and with
dc standard magnetic chracterization, can be assigned
to a high-frequency mechanism, i.e. a change in the vor-
tex/antivortex dynamics, and eventual spin reorientation
transition of the Eu2+ canted ferromagnetic subsystem.
Finally, since we observed that both the phase transitions
can be suppressed by an external in-plane field, we dis-
cuss on the possible presence of a quantum critical point
(QCP).
EXPERIMENTAL DETAILS
Single crystals of EuFe2(As1−xPx)2 were grown by a
self-flux method [18, 19]. Due to the narrow supercon-
ducting dome in the EuFe2(As1−xPx)2 phase diagram
[6], crystals with slightly different doping − x = 0.20
and 0.23, grown using different precursors (Eu, Fe, P,
As and Eu, FeAs, FeP, respectively) − show signifi-
cantly different critical temperatures, Tsc = 24.1 K and
22.3 K, respectively. For a comparison, we also mea-
sured a BaFe2(As1−xPx)2 crystal with x = 0.33, showing
Tsc ≈ 29 K. The investigated samples were cleaved and
shaped in the form of thin plates with thickness of the
order of 10 µm, and with width and length more than
ten times larger.
The MFM experiments were carried out on AttoDry
FIG. 1. Resonance frequency and inverse of the quality factor
as a function of temperature for the empty resonator and for
the resonator with the crystal coupled to it.
1000/SUAttocube scanning probe system, using an oscil-
lating magnetic Co/Cr-coated cantilever (MESP, Bruker)
excited at resonance by a dither. The artificial color in
MFMmaps encodes the phase shift in the cantilever oscil-
lations which is proportional to the magnetic field com-
ponent perpendicular to the scanned surface. A more
detailed information can be found in [10].
MICROWAVE CHARACTERIZATION
TECHNIQUE
The microwave characterization was performed by
means of the CPWR technique, which consists in mea-
suring the perturbations induced to the resonance of a
CPWR by coupling a small sample to it [14] (for details,
see Appendix A). In brief, measurements of the resonance
curve were repeated with and without the crystal under
study, and modifications of the resonance frequency f0
and and quality factor Q induced by the presence of the
crystal (Fig.1) were used to determine its complex mag-
netic susceptibility. It is composed of two parts [20]: the
magnetic response of the bulk to an applied field (χm)
and the response due to the screening effect. The latter
is linked to the London penetration depth λL and the
quasiparticle microwave conductivity σn. For a super-
conducting slab of half-thickness t, with the rf magnetic
field parallel to its broad face (i.e. parallel to ab-planes),
the modifications in the resonance frequency (∆f/f) and
quality factor (∆(1/Q)) can be written as
3FIG. 2. Comparison between the microwave responses of BaFe2(As1−xPx)2 (a),(c), and EuFe2(As1−xPx)2 (b),(d). In (a) and
(b), black and red lines represent [1− 2(∆f/f)/Γf ] and ∆(1/Q)/ΓQ, respectively, where ∆f and ∆(1/Q) are the modifications
in the resonance frequency and quality factor of a CPWR, induced by the crystal under study (Γf and ΓQ are geometrical
factors). The arrows indicate the superconductivity onset temperature, Tsc. Panel (c) shows the London penetration depth,
λL, and the quasiparticle conductivity, σn, as a function of temperature, obtained by the procedure described in the text from
the data reported in (a). The same is reported in (d) for the data shown in (b), between Tsc and the onset of the magnetic
signal, Ton (orange and blue curves and scales). At lower temperatures, a smooth baseline due to Meissner diamagnetism
was subtracted to data in (b), and the real part χ′m, the imaginary part χ
′′
m, and the modulus |χm| of the bulk magnetic
susceptibility was extracted according to the procedure described in the text (panel (d), black, red and gray curves, left scale).
Other arrows indicate reference temperatures discussed in the text.
FIG. 3. Shifts of the quality factor and resonant frequency, ∆(1/Q) and −∆f/f , as a function of temperature, for both ZFC
and FC modes, in a dc field of 100 mT applied parallel to ab planes of the crystal with x = 0.20 (a). FC-ZFC irreversibility
emerges in the magnetic part of the response. Panel (b) shows ∆(1/Q) as a function of temperature in ZFC mode for different
values of applied dc field, up to 500 mT. Shifts of the quality factor and resonant frequency are shown in (c) as a function of
dc magnetic field at T = 11 K, for increasing and decreasing fields.



























1/λ2L + jωµ0σn. Thus, after a calibration,





m(T ) can be obtained. The dc magnetic
field was applied parallel to the resonator plane and to
the probe rf magnetic field, i.e. parallel to ab-planes of
the crystals. Microwave susceptibility was measured ei-
4ther while warming up after the sample was cooled in
zero field (zero-field cooling, ZFC) or during cooling in
an applied field (field cooling, FC).
RESULTS
Figure 2 shows the results of the analysis done for
BaFe2(As1−xPx)2 and EuFe2(As1−xPx)2 crystals. Pan-
els (a) and (b) report the quantities [1 − 2(∆f/f)/Γf ]
and ∆(1/Q)/ΓQ, which represent respectively the real
and the imaginary parts of the overall complex magnetic
susceptibility, according to Eqs.1−2 (Γf and ΓQ are geo-
metrical factors used for calibration). The onset temper-
ature of the superconducting transition, Tsc, is indicated
by an arrow. In the case of the purely superconducting
BaFe2(As1−xPx)2 sample, it was then possible to extract
the London penetration depth and the microwave quasi-
particle conductivity, shown in (c), for all temperatures.
In the case of EuFe2(As1−xPx)2, the purely supercon-
ducting regime is visible only in the range between Tsc
and about T = 18 K, hereafter labeled Ton. Within this
range, the same procedure leads to results for λL and σn
qualitatively similar to those for the Ba122 sample, see
the right part of (d), and quantitatively consistent with
previous optical investigations [21, 22]. Below Ton, an
additional signal due to a bulk susceptibility contribu-
tion emerges. The real and imaginary parts of the bulk
complex susceptibility are shown in (d), as χ′m and χ
′′
m
(left scale), together with the modulus |χm|. Two dis-
tinct transitions, separated by about 6 K, are visible in
χ′m, while accordingly, χ
′′
m shows two broad peaks. We
discuss below the dependence on external parameters of
three reference temperatures: the onset temperature of
the bulk magnetic ordering, Ton, and the temperatures
of the two magnetic transitions, labeled as TH and TL,
all marked in Fig. 2(d) by arrows. It is evident that these
reference temperatures can be deduced easily from rough
data, −∆f/f and ∆(1/Q), therefore henceforth we only
show plots with these quantities.
The effects of a dc field Hdc applied parallel to ab
planes are reported in Fig. 3 for a x = 0.20 crystal.
Figure 3(a) shows −∆f/f and ∆(1/Q) as a function of
temperature at µ0Hdc = 100 mT, both in ZFC and FC
modes. The curves show hysteresis as soon as the bulk
magnetic signal appears. In particular, the height of the
∆(1/Q) peaks changes: the peak at lower temperature is
higher than the peak at higher temperature for the ZFC
mode, the opposite for the FC mode. Figure 3(b) shows
the behavior of ∆(1/Q)(T ) for different values of Hdc.
The peaks evolve differently: TH decreases while TL in-
creases with field until they merge. Increasing the field
even higher shifts the merged peak down, until it com-
pletely disappears from our observation window at about
500 mT. In Fig. 3(c) we report the f and 1/Q shifts as a
function of Hdc at T = 11 K, for increasing and decreas-
ing fields: irreversibility is shown below µ0Hdc = 0.25 T.
DISCUSSION
Generally, our data confirm the coexistence of su-
perconductivity and magnetism in EuFe2(As1−xPx)2 for
temperatures below about 18 K, as also shown by the
dc magnetic characterization reported in Appendix B.
The competition between superconducting and magnetic
orders is evident from Fig. 4, where we report the Hdc-
evolution of the three reference temperatures, Ton, TH ,
and TL, for the crystal with doping x =0.20 and Tsc =
24.1 K (from data shown in Fig. 3(b)), and for the crystal
with x = 0.23 and Tsc = 22.3 K. The crystal with weaker
superconductivity (lower critical temperature) shows the
magnetic transitions at higher temperatures and fields.
In order to get a microscopic insight into observed be-
haviour, we performed MFM imaging on the x = 0.20
crystal. The MFM maps acquired at different temper-
atures are presented in Fig. 5. Upon cooling, a striped
quasi-1D ferromagnetic Meissner state (DMS, Fig. 5(a))
starts to transform to a domain vortex-antivortex (V-
A) state (DVS) [10]. The latter is characterized by a
more complex quasi-2D domain structure (Fig. 5(b)) that
rapidly evolves with decreasing temperature (Fig. 5(c)−
(d)). The microwave χ′′m peak at TH coincides with
this dimensionality transition. Below approximately
15 K, the V-A domain structure evolves to a more reg-
ular striped V-A phase (Fig. 5(e)) which is character-
ized, at yet lower temperatures, by the appearance of
finely zigzagging domain walls. Correspondingly, χ′m
rises again. Below 12 K however, the pattern evolution
”freezes” and does not change anymore down to 4.35 K
(and rf-susceptibility drops down). The thermal freez-
ing/defreezing is clearly seen upon thermal cycling (com-
pare Fig. 5(d) with (g) and Fig. 5(e) with (h)). This
thermal hysteresis shown in MFM images is not clearly
revealed in rf-susceptibility with Hdc = 0, probably due
to rf-stimulated domain and vortex shaking [23–25].
Thus, the peak shown by rf-χ′′m at TL is peculiar of
the high-frequency regime, not clearly revealed by MFM
and dc analysis (Appendix B). It could be attributed
to rf-induced dynamics, related to vortex-antivortex mo-
tion in corresponding domains, as well as to FM domain
motion. It could also be related to a spin reorienta-
tion transition of the Eu2+ canted ferromagnetic sub-
system (spin canting does not give contrast in MFM
maps). A spin glass transition should probably be ex-
cluded for EuFe2(As1−xPx)2, at least in the investigated
doping range, since we observed by MFM a well defined
domain structure, i.e. evidence of long-range ferromag-
netic ordering [10].
Note that the origin of the thermal irreversibility ob-
served in MFM images (Fig. 5) and in in-field rf suscep-
tibility (Fig. 3(a)) cannot be decided at this stage, since
5FIG. 4. Evolution with magnetic field of the three reference
temperatures, Ton, TH , and TL, for two EuFe2(As1−xPx)2
crystals with x = 0.20 and 0.23 and Tsc = 24.1 K and 22.3 K,
respectively. Blue and orange lines are guides to the eye.
The dark gray lines display the T ∼ (H0−H)
2/3 dependence
expected for a QCP, with µ0H0 = 0.41 T and 0.63 T for
x = 0.20 and 0.23, respectively.
it can be attributed to several causes [26], e.g. domain
wall pinning [27], geometrical barriers [12], or in general
to the FM-AFM competition at the macroscopic level,
that need to be checked in further works.
The evolution of the χ′′m peaks with in-plane magnetic
field could suggest the presence of a quantum critical
point (QCP), i.e. of a T = 0 quantum phase transition
driven by a non-thermal control parameter. In order to
check whether our data are compatible with the pres-
ence of a QCP, we fitted them with the same scaling
law T ∼ (H0 − H)
2/3 reported in Ref. [28] for heavy-
fermion antiferromagnets and interpreted as an evidence
of SDW-type QCP. In fact, in these systems the field
dependence of the Ne´el temperature for H ||a shows a
first increase [28–30], as we report for TL in Fig. 4. The
fit gives µ0H0 =0.4−0.6 T for our crystals, depending
on doping x (Fig. 4). These values interestingly corre-
spond to T = 0 transitions reported in literature: in
Ref. [31] 0.6 T is the in-plane magnetic field that at
T → 0 causes the transition from c-axis-canted to ab-
aligned magnetic moments in the Eu2+ subsystem. On
the other hand, a metamagnetic-like change at a field
µ0Happ||a ≈ 0.5− 0.7 T was observed in other Eu
2+ sys-
tems (EuGa4) for T → 0, as antiferromagnetic domains
turned into a single domain [32]. Therefore our data, al-
though the fit only gives an indication since the number
of data points is too low to draw rigorous conclusions,
seem to be compatible with the presence of a QCP. The
nature of this possible QCP, whether due to spin cant-
ing or domains rearrangement, remains undecided and
FIG. 5. MFM maps acquired on a x = 0.20 crystal at tem-
peratures below Tsc, and their link to peaks observed in mi-
crowave data. The maps reveal spatial variations of the out-
of-plane component of the local magnetic field. Maps (a-f)
correspond to the sample cooling, (f, h, g) to heating. (a)
below Curie temperature, linear ferromagnetic Meissner do-
mains form a short-period quasi-1D pattern. (b-d) - transition
from DMS to DVS, between 16.8 K and 15 K, is characterized
by the proliferation of DVS domains of a larger period and a
more complex 2D-organisation. (d, g) and (e, h) - a hysteretic
behaviour is observed in maps acquired around 8-15 K upon
temperature cycling (red dashed lines delimit pairs of maps




In summary, we showed that the analysis of the
complex susceptibility at microwave frequencies of
EuFe2(As1−xPx)2 single crystals reveals peculiar fea-
tures. In particular, below the superconducting criti-
cal temperature two magnetic transitions are indicated
by peaks of the imaginary part of susceptibility, χ′′m.
The comparison with MFM maps allowed us to asso-
ciate the χ′′m peak at about 17 K to a dimensionality
transition from quasi-unidimensional striped domains to
more complex two-dimensional vortex-antivortex domain
structure. Moreover, the bulky character of this tran-
sition, only suggested in [10], is now confirmed by the
microwave bulk-sensitive analysis. The low-temperature
χ′′m peak, specific of the high-frequency characteriza-
tion, corresponds to a transition between different vor-
6tex/antivortex dynamical regimes, to a spin reorientation
transition of the Eu2+ canted ferromagnetic subsystem,
or to an interplay between the two phenomena.
The investigation of the field dependence of these mag-
netic transitions suggests the presence of a QCP (as in
other 122 and 1144 systems [33–35]) in a field range of
0.4−0.6 T. We believe that the present work will stimu-
late further experiments and theories towards a compre-
hensive understanding of the behavior of domains and
spin orientation in systems with coexisting superconduc-
tivity and ferromagnetism.
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APPENDIX A: ADDITIONAL INFORMATION
ON THE MICROWAVE TECHNIQUE
Experimental details
The CPWR used for our microwavemeasurements con-
sists of a patterned YBa2Cu3O7−x film with a thickness
of 250 nm, grown on an MgO substrate. The central
conductor strip has a width of 350 µm and the distance
between the ground planes is 650 µm. The critical tem-
perature of the YBCO film is about 88 K, and its zero-
temperature penetration depth is 155 nm [36]. Reso-
nance frequency f0 and unloaded quality factor Q were
evaluated from measurements of the resonance curves
(examples in Fig.7) obtained in a Cryomech PT 415 pulse
tube cooler by means of a Rohde Schwarz ZVK vector
network analyzer for an input power of -10 dBm, below
the non-linearity threshold for the resonator. Dc mag-
netic field was applied parallel to the resonator plane by
means of an external Cryomagnetic cryogen free super-
conducting magnet. The crystal under study was coupled
to the resonator by fixing it on top of the central stripline
by means of a small amount of high-vacuum grease (see
the sketch in Fig.6). The crystal was positioned in the
center of the strip far from edges, in a region where rf
magnetic fields are quite uniform and rf electric fields
are negligible [14].
FIG. 6. Experimental configuration (not to scale).
FIG. 7. Examples of resonance curves for the empty resonator
and for the resonator with the crystal coupled to it.
Data analysis
A resonator is characterized by its complex angular
frequency ω = ω′ + jω′′, and it is possible to express
the quality factor of the resonance and the resonance
frequency, respectively, as [37] Q = ω′/(2ω′′) and f =
ω′/(2pi). When a sample is coupled to the resonator, the
complex permittivity and/or complex permeability of the
material can be determined from the changes of Q and f .
Provided the sample is much smaller than the effective
cavity and the electromagnetic field outside the sample
does not change significantly, the angular frequency shift
















where the index 0 indicates the absence of the sample
coupled to the resonator. The asterisks denote the com-
plex conjugates, and Vs and Vc are the sample and cavity
volumes, respectively. If the sample is positioned in a re-
gion where E ≈ 0, and H ≈ H 0, and assuming that

























Γ (χm + χs) , (3)
where Γ ≈ Vs/Vc resumes the geometrical factors con-
nected to the distribution of the fields in the cavity. As
7mentioned above, the complex magnetic susceptibility is
composed of two parts: the magnetic response of the
bulk to an applied field (χm) and the response due to the
screening effect (χs). For a superconducting slab of half-
thickness t, with the rf magnetic field parallel to its broad
face (i.e. parallel to ab-planes), at low temperatures and
with negligible losses, χ′s ≈ −(1 − λL/t) and χ
′′
s ≈ 0,
where λL is the London penetration depth. If losses are
not negligible and the full temperature range is consid-
ered, Eq.3 can be rewritten, for its real and imaginary
parts, as reported above in the main text (Eqs.1 - 2). Two
different geometrical factors are considered in these equa-
tions, Γf and ΓQ, since they are expected to be slightly
different from each other, due to the adopted approxima-
tions [37]. The geometrical factors cannot be calculated
with the needed precision, especially for the planar geom-
etry of our resonator, rather they should be determined
in a self-consistent way from data above Tsc, where the
crystals show a metallic behavior without bulk magnetic
response. In fact, for a metal Re(k) = Im(k) = 1/δ,
where δ =
√
2/ωµσ is the classical skin depth. This, in
combination with Eqs.1 and 2, allows one to determine
Γf and ΓQ by fitting ∆f/f and ∆(1/Q) data, with the
constraint to keep the same δ(T ) in both the cases. In
Ref.[14] we discussed in detail the calibration procedure
and how to take into account the finite size of the crys-
tal in the equations above, with the consequent demag-
netization effects. Then, from Eqs.1−2, λL(T ), σn(T ),
χ′m(T ), χ
′′
m(T ) can be obtained.
APPENDIX B: DC MAGNETIC
CHARACTERIZATION
FIG. 8. M(H) hysteresis loops for a EuFe2(As1−xPx)2 crystal
with x=0.20.
Magnetization vs. magnetic field M(H) curves ac-
quired at various temperatures with the magnetic field
directed parallel to the c-axis of the crystal are shown
FIG. 9. Temperature dependence of external volume suscep-
tibility in a 10 Oe field applied parallel to c axis (a) and to
ab planes (b), measured by a SQUID magnetometer.
in Fig.8. The shape of the loops can be understood in
terms of a superposition of typical hysteresis loops of a
type-II superconductor and the magnetization of Eu2+
ferromagnetic subsystem.
Figure 9 shows the temperature dependence of sus-
ceptibility in a 10 Oe field applied parallel to c axis (a)
and to ab planes (b) for a EuFe2(As1−xPx)2 crystal with
x =0.20, measured by a SQUID magnetometer [38]. An
evident feature is shown at about 18 K, where the sus-
ceptibility first increases upon cooling and then shows a
peak, unlike in nonmagnetic superconductors. The onset
of magnetic ordering and the peak correspond to those
obtained by the microwave characterization reported in
the paper (Ton and TH). Conversely, no clear correspon-
dence is shown with the low-temperature peak of the
imaginary part of the bulk microwave susceptibility. In
fact, only a very faint feature could be seen in Fig.9(b) at
about 12 K, as a weak change of slope in the ZFC curve,
but the microwave peak is shown at a slightly lower tem-
perature.
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